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A series of Er-Al-Co bulk metallic glasses (BMGs) have been prepared by the copper mold casting method. The glass forming 
ability and magnetocaloric effect (MCE) for these alloys have been investigated. The second-order magnetic transition from para-    
magnetic to ferromagnetic states takes place at about 9 K. These BMGs exhibit excellent MCE because of their large effective mag-
neton number; Er56Al24Co20 BMG has a maximum entropy change and refrigeration capacity of 16.06 J kg
1 K1 and 546 J kg1, re-
spectively, under the field of 50 kOe (10 kOe=795.775 kA/m) indicating that these BMGs are potential candidate magnetic mate-
rials for hydrogen liquefaction.  
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Early work on the magnetocaloric effect (MCE) of glassy 
alloys mainly focused on rapidly solidified rare earth or 
transition metal based ribbons. These glass ribbons were 
found to have large magnetic transition regions, and most of 
the RE1xMx (M=transition metal) glassy alloys exhibit tra-
ditional MCE, i.e., their entropy changes are positive. For 
example, the maximum entropy change (Smax) of Gd70Fe30 
metallic glass is 1.5 J kg1 K1 under a magnetic field of  
10 kOe [1]. As the Fe in Gd70Fe30 is partially replaced by Ni, 
the Curie temperature (Tc) of Gd70Fe12Ni18 glassy alloy  
decreases from 287.5 to 170 K, and the Smax reaches   
7.71 J kg1 K1 under 70 kOe. When the Fe in Gd70Fe30 
glassy alloy is completely replaced by Ni, Tc and Smax 
reach 126.3 K and 2.45 J kg1 K1, respectively [1,2]. 
The exploration of the MCE of bulk metallic glasses 
(BMG) has attracted great attention in recent years. In 2002, 
Shen et al. [3] reported the MCE of Pd40Ni22.5Fe17.5P20 BMG, 
which exhibits a transition from superparamagnetic, to fer-
romagnetic to spin glass states with decreasing temperature. 
The paramagnetic-ferromagnetic transition temperature and 
Smax of this glassy alloy under 50 kOe are 94 K and   
0.58 J kg1 K1, respectively. In 2006, Luo et al. [4] investi-
gated the MCE of Gd33Er22Al25Co20 and Gd53Al24Co20Zr3 
BMG alloys. The Smax’s of these glassy alloys reached 
9.47 and 9.4 J kg1 K1 under 50 kOe. In 2007, Luo et al. [5] 
found another glass, Er50Al24Co20Y6, which exhibits a Smax 
of 15.91 J kg1 K1. Meanwhile, Jo et al. [6] reported a new 
Gd55Co20Fe5Al20 BMG with Tc of 125 K and Smax of  
2.24 J kg1 K1 under 20 kOe. Very recently, a series of 
heavy rare earth based BMGs with large MCE including 
Gd56xDyxAl24Co20 (x=16, 20, 22) [7], Gd36Y20Al24Co20 [8], 
Ho36Dy20Al24Co20 [9], Dy36Ho20Al24Co20 [10] and Er36Ho20-   
Al24Co20 [11] were developed by the present author’s group. 
Typically, Gd40Dy16Al24Co20 glassy alloy reaches Smax of 
15.78 J kg1 K1 under a field of 50 kOe.  
The Smax values of glassy alloys are not comparable to 
those of crystalline materials at the same magnetic field and 
temperature. This is because the field induced structural 
transitions are first-order in crystalline materials, but se-
cond-order transitions in glassy alloys. The lattice structure 
doesn’t contribute to the MCE in glassy alloys. However, 
unlike crystalline materials which exhibit a sharp peak in 
their Smax-T curves, glassy alloys usually have a relatively 
broad transition temperature range. Therefore, glassy alloys 
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are more applicable for the Carnot cycle process. The main 
issue for glassy alloys is finding new compositions, which 
exhibit comparable Smax values to crystalline materials 
whilst making the most of the special advantages of glassy 
alloys. 
In this work, we report a series of Er-Al-Co bulk metallic 
glasses (BMGs) with excellent maximum entropy change 
and refrigeration capacity. The Curie temperature of these 
glassy alloys is about 9 K, which is applicable to hydrogen 
liquefaction. It is believed that these glassy alloys are can-
didate magnetic materials to replace the paramagnetic salts 
(e.g. Gadolinium Gallium Garnet, GGG, which is usually 
used at a temperature lower than 10 K as a magnetic medi-
um [12]) for cryogenic refrigeration. 
1  Materials and methods 
In this work, the compositions of Er-Al-Co ternary alloys 
were designated as shown in Figure 1. Because a high con-
tent of Er is beneficial to the MCE, we increased the Er to 
above 56% in these alloys. Ingots with the designed nomi-
nal compositions were first prepared by arc-melting a mix-
ture of high-purity Er (99.95%), Al (99.95%) and Co 
(99.95%) under a Ti-gettered argon atmosphere. These in-
gots were remelted and injected into a copper mold to ob-
tain cylindrical rod of 3 mm in diameter. The glassy struc-
ture of the as-cast rods was ascertained by using a Rigaku 
D/max-3B diffractometer with Cu K radiation at 40 kV, 
and was further confirmed by using a Netzsch STA 449C 
differential scanning calorimeter. The magnetic properties 
were measured by a physical property measurement system 
(PPMS-9) from Quantum Design Company. The tempera-
ture dependence of the magnetization was obtained at a 
cooling rate of 1 K min1 under a field of 200 Oe. The  
 
Figure 1  The compositions of Er-Al-Co ternary alloys. 
isothermal magnetization of the samples was measured un-
der magnetic fields of 0–50 kOe in the temperature range of 
2–50 K. 
2  Results and discussion 
The XRD patterns of the Er-Al-Co rods with diameters of 
2–5 mm are shown in Figure 2. All the samples except for 
Er60Al12Co28 and Er60Al16Co24 exhibit characteristic features 
of amorphous structure, with halos at about 35° and 60°. 
Glassy rods up to a critical diameter of 5 mm can be ob-
tained for the Er56Al24Co20 alloy. Figure 3 shows the DSC 
traces of those samples with no obvious sharp peaks in their 
XRD curves. The traces show a glass transition region, fol-
lowed by several exothermic peaks. The supercooled liquid 
region (Tx) of Er56Al24Co20 alloy reaches 52.2 K, indicat-
ing that this alloy has a relatively high glass forming ability, 
as evaluated by Tx. 
Figure 4 shows the magnetization as a function of tem-
perature under a field of 200 Oe for Er56Al24Co20, Er58Al14-   
Co28, Er58Al24Co18 and Er58Al22Co20 (denoted as E1, E2, E3 
and E4, respectively, for convenience in the following text) 
BMG alloys. From these magnetization curves, the Curie 
temperatures of these alloys can be derived by taking the 
derivative, dM/dT, as shown in Figure 5. Figure 4 shows 
that the magnetization of these glassy alloys initially de-
creases sharply and reaches zero with increasing tempera-
ture. There are sharp variations of the magnetization at Tc, 
implying that a large entropy change may be expected in  
 
Figure 2  XRD patterns of Er-Al-Co alloys prepared by copper mold casting. 
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Figure 3  DSC traces of Er-Al-Co BMGs. 
 
 
Figure 4  The magnetization as a function of temperature for Er-Al-Co 
BMG alloys under a field of 200 Oe. 
 
these glassy alloys according to the Maxwell relation. From 
Figure 5, the Curie temperatures of E1–E4 are 8.5, 8.6, 8.5 
and 8.6 K, respectively, which are very close to that of 
GGG paramagnetic salts. The sharp decrease in Tc of these 
glassy alloys can be explained by the molecular field theory. 













where Z is the coordinate number which is usually equal to 
12 [14], Aex the exchange integral, J the total angular mo-
mentum, and kB the Boltzmann constant. This equation 
suggests that the decrease of Tc is probably caused by a  
difference in exchange integral or angular momentum. The 
decrease in these two factors may be attributed to the for-
mation of amorphous structure. In glassy alloys, both the 
alloying effect and lack of long range order result in the 
decrease of these two constants. The local concentration het-
erogeneity in glassy alloys may enhance the fluctuations in 
the exchange integral and further decrease these two factors. 
 
Figure 5  The Curie temperature of Er-Al-Co BMGs measured under a field of 200 Oe. 
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The relationship between the magnetic susceptibility () 
and temperature can also be obtained from the M–T curve. 
As shown in Figure 6,  changes linearly with the tempera-


















 , N is the density of particles, and p is 








BN   (3)
 
where the unit of B is Oe g emu1 K1, M is g mol1, NA = 
6.02×1023 mol1, B = 9.3×1021 emu, kB = 1.38×1023 J K1, 





  (4) 
By fitting the linear curves of the magnetic susceptibility 
dependence of temperature, we calculate the effective mag-
neton numbers for E1–E4 as 7.00, 7.03, 7.43 and 7.04, re-
spectively. Considering that the Smax is related to the ef-
fective magneton number, these four glassy alloys are ex-
pected to have large Smax.  
Figure 7 shows the field dependence of magnetization 
from 2 to 45 K for E1–E4 glassy alloys up to a field of   
50 kOe. Obvious magnetic transitions from the ferromag-
netic to the paramagnetic state can be seen. To determine 
the features of these magnetic transitions, the Arrott curve 
of Er56Al24Co20 was derived, as shown in Figure 8. An 
S-type of shape does not occur, and the slope is positive, 
indicating that the magnetic transition is of second order. 
The relationship between magnetic field and magnetiza-
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where B=0H, and 0 is the magnetic susceptibility in vac-
uum. During an isothermal process, the magnetic entropy 
can be obtained as  
 
















       (6) 
Figure 9 shows the magnetic entropy change and adia-
batic temperature change calculated from eq. (6). The tem-
peratures where Smax occurs are a little bit higher than the 
corresponding Tc values. The magnetic entropy changes are 
16.06, 15.71, 15.50 and 15.67 J kg1 K1, respectively, for 
E1–E4 alloys. It is seen that the Smax of E1 alloy is even 
larger than those of Er50Al24Co20Y6 and Gd40Dy16Al24Co20, 
which exhibit an Smax of 15.91 [7] and 15.78 J kg1 K1 
[5], respectively under the field of 50 kOe. Figure 9 also 
shows that the full widths at half maximum of the peaks  
 
Figure 6  H/M (1/)-T curves of Er-Al-Co BMGs under a field of 200 Oe. 
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Figure 7  The field dependence of the isothermal magnetization for E1–E4 glassy alloys from 2 to 45 K up to a field of 50 kOe.  
 
Figure 8  The Arrott curve for Er56Al24Co20 BMG. 
 
Figure 9  The isothermal magnetic entropy changes of Er-Al-Co BMGs 
under a field of 50 kOe. 
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(FWHM) for E1–E4 are broad. The maximum FWHM of 
these alloys reaches 32 K. On the other hand, the perfor-
mance temperature (i.e. the region between the lowest and 
highest temperature of the FWHM) ranges from 5–30 K. 
This value is 10 K higher than that of the GGG paramag-
netic salt, indicating that the glassy alloys are more applica-
ble to cryogenic refrigeration in the range of the hydrogen 
liquefaction temperature. From the products of FWHM and 
Smax, the refrigeration capacities of E1–E4 are 465.7, 
432.0, 427.8 and 431.0 J kg1, respectively.  
3  Conclusions 
(1) A series of Er-Al-Co ternary BMGs were prepared by 
using copper mold casting. The XRD and DSC measure-
ments show that Er56Al24Co20 exhibits a relatively high GFA 
among the alloys of interest. 
(2) The Curie temperatures of E1–E4 BMGs are at about 
9 K, and their effective magneton numbers are 7.00, 7.03, 
7.43 and 7.04, respectively. The magnetic transition from 
the ferromagnetic to the paramagnetic state for these glassy 
alloys is of the second order. 
(3) E1–E4 BMGs show excellent MCE and refrigeration 
capacities. The –∆Smax of E1 BMG is even larger than those 
of Er50Al24Co20Y6 and Gd40Dy16Al24Co20 BMGs, indicating 
that the Er-Al-Co BMG prepared in this work is a potential 
candidate magnetic material for hydrogen liquefaction.  
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